In this study we investigated relationships between redox properties and biodurability of crocidolite asbestos fibres and three different man-made vitreous fibres (MMVF): traditional stone wool fibres (MMVF 21), glass fibres (MMVF 11) and refractory ceramic fibres (RCF). Each fibre type was incubated up to 22 weeks in four different incubation media: gamble solution (GS) pH 5.0 and pH 7.4, representing blood plasma without proteins, and surfactant like solution (SLS) pH 5.0 and pH 7.4. During incubation time aliquots of incubation mix tures were removed and analysed in a biochemical model reaction, mimicking activated phagocytes. In addition, changes of fibre morphology and chemical composition were exam ined using SEM-and EDX-technology.
Introduction
In a previous short communication we reported on redox properties and biodurability of crocido lite asbestos fibres and an experimental stone wool fibre incubated in Gamble solution (GS) and re constructed surfactant fluid (SLS) (Hippeli et al., 1997) .
Redox properties were examined in the N AD H /diaphorase/ED TA system. In further in vestigations we could demonstrate that different types of asbestos fibres can "couple" to enzy matic reactions in vitro mimicking the situation found in the proximity of activated phagocytes (Elstner et al., 1986 (Elstner et al., , 1988 During a time-scale of several weeks these re dox properties of the incubated crocidolite asbes tos and stone wool fibres undergo irregular changes including reactivities much higher than those at the beginning of the incubation. Two mechanisms have been suggested to be separately or cooperatively responsible for these observed ef fects: first, changes of the redox states of transition metal ions, where oxidations of reactive ions on the surface are responded by a decrease in redox activity and second, some form of surface "des quamation" during which different types of metal ions could be dissolved or exposed on new sur face layers.
In the present study the above mentioned hypotheses of mechanisms have been verified. The chemical and physical characteristics of the stock fibre materials are given in Table I .
Materials and Methods

Fibre characteristics
Reagents
KM B
(a-keto-y-methiol-butyric acid), ß-N ADH , phosphatidylcholine (contaminated with 15% cholesterol; 5% phosphatidylethanolamine, 2% sphingomyelin), superoxide dismutase (SO D ), bovine serum albumine (B S A ), formate and desferrioxamine were obtained from Sigma, Munich, Germany; Diaphorase was purchased from Boehringer, Mannheim, Germany; ED TA (ethylenediaminetetraacetic acid) and catalase were from Merck, Darmstadt, Germany. All other chemicals were of the highest grade of purity available (M erck). The gases for gas chromatography were 
Incubation media and incubation conditions
The fibre materials (80 mg/20 ml) were incu bated in two different incubation media: the Gam ble solution (GS) (exact composition is described by Scholze and Conradt, 1987) , representing the blood plasma without proteins, and the surfactant like solution (SLS). SLS was prepared by adding a phosphatidylcholine solution (1 g phosphati dylcholine in 2 ml ethanol) to GS (total volume 50 ml). The pH of each of the two incubation me dia was adjusted to 5.5 and 7.4 with 1 n HC1. were added to the reaction mixtures. One unit of SOD will inhibit the rate of reduction of cyto chrome c by 50% in a coupled system with xan thine and xanthine oxidase at pH 7.8 at 25 °C in a 3 ml reaction volume; one unit of catalase will decompose 1.0 [_tmole of H20 2 per min at pH 7.0 at 25 °C.
A t the beginning and at the end of the long term experiment 2 ml of each incubation mixtures were centrifuged for 10 min at 13.000 rpm (Centrifuge 5810, Eppendorf, Hamburg, G ermany). Supernatants were quantitatively recovered, fibre pellets were resuspendet in 2 ml of the corresponding in cubation medium. Aliquots of 50 (il each were an alysed in the N A D H /diaphorase/ED TA system.
SEM -and EDX-analysis o f stock and incubated fibre materials
Alterations of fibre structure and chemical com position were observed by scanning electron mi croscopy (SEM ) and energy-dispersive X -ray (E D X ) analyses as described by Respondek et al. (1995) . Samples of 100 ^tl incubation mixtures (containing 0.4 mg fibres) were diluted in 5 ml aqua dest., placed on membrane filters (filter type 0.2 j.im GTTP, Millipore, Eschborn, Germany) using vacuum and coated with carbon. The coated samples were studied with SEM (DSM 940 Zeiss, Oberkochen, Germany) and E D X (A N 10/25S Link, Oxford, Great Britain) using 1 0 -3 0 kV. Crocidolite exhibited a significant higher activ ity as com pared to M M V F 21, both in Gamble solution (Fig. 1 a/b and Fig. 2 a/b ) and in SLS (Fig. 1 c/d and Fig. 2 c/d) . The oxidative potentials of both types of fibres were not constant during incubation up to 22 weeks either in GS or in SLS. Especially in the long term experiment reactivities showed irregular changes including reactivities much higher than those at the onset of incubation.
Results
Two
These findings are in agreement with our previous findings (Hippeli et al., 1997).
As demonstrated in Fig. 3a ethene release, trig gered by the N ADH /diaphorase system, was in hibited by both SOD and catalase, whereas B SA (protein control) showed no effect. E D T A caused an increase in ethene formation. The chelator E D T A strongly enhances certain oxidative pro cesses by facilitating Fe3+-reduction as well as electron transfer from F e 2+ to H 20 2 thus allowing the formation of OH -radicals according to the Haber-Weiss sequence. Increasing ethene release of the N ADH /diaphorase system in the presence of E D T A is due to ubiquitary iron impurities.
In Fig. 3b the effects of the investigated fibre types, incubated in GS pH 5.5 for 1 hour, on the NADH/diaphorase system were demonstrated. Crocidolite and to a much lower degree M M VF 21 enhanced the ethene release. In contrast, R C F and M M VF 11 were unreactive. Addition of E D T A to the asbestos-stimulated N ADH /diapho rase system resulted in a strong increase of ethene release, as expected (Fig. 3c) Table I ). A fibre-dose response is given in Fig. 4 . Crocid olite asbestos fibres (Fig. 4a) Table I ). Calculated reactivities correspond ing to a specific surface area of 1 cm 2 were summa rized in Table II Table III showed that at the onset of incubation (1 hour) the observed reactivities of crocidolite as well as M M V F 21 are exclusively due to the presence of fibres. Samples of the incu bation mixtures were removed after one hour in cubation time and centrifuged in order to separate incubation media plus possibly leached elements from fibre material. Fibre pellets were resus pended in corresponding incubation media. A li quots of each were tested in the NADH/diapho rase/ED T A system and compared with total reactivity. All supernatants showed reactivities comparable to control reaction (= 100% ). Oxida tive potentials of resuspended fibres corresponded to total reactivities. Results of the same experi ment carried out at the end of long term incuba tion were also shown in Table III. In the case of crocidolite reactivities retained associated with fi bre material. In contrast, "M M VF 21-supernatants" of near neutral incubation media GS and SLS exhibited significant enhanced reactivities, whereas the corresponding resuspended fibre pel lets showed reduced activities compared with total reactivity, indicating a leaching of iron from Reactivity of the supernatant 98 ± 10 106 ± 14 98 ± 6 152 ± 7 106 ± 7 109 ± 7 96 ± 4 150 ± 7
Reactivity of the resuspended pellet 149 ± 16> 368 ± 11 167 ± 9 131 ± 9 125 ± 2 159 ± 11 144 ± 9 120 ± 3 M M VF 21, but not from asbestos fibres. These as sumptions were confirmed by EDX-analyses. The element maps of asbestos fibres (Table IV) showed no significant differences during time scale concerning the ratio of Si to Fe, irrespective of type of incubation medium or pH. In addition SEM-analyses of stock material compared to incu bated fibres showed no morphological changes of fibre structure (data not shown). In the case of M M VF 21 a strong increase of Si to Fe-ratio was observed in GS pH 7.4 (from 8.3 to 18.2) and in SLS pH 7.4 (from 8.3 to 32.6) at the end of long term incubation (Table V) . Incuba tion in the acidic media did not cause any alter ation of the Si to Fe-ratio. But similar to crocidolite asbestos fibres no changes in fibre morphology could be demonstrated by SEM during long term incubation in any incubation medium (data not shown).
Looking at the element maps of R C F (Table VI ) it was noticeable, that the Zr-content varied to a large extent. Interestingly only in SLS Zr-contents of more than 20% were observed. In addition only in these incubation medium, independent on pH, a destruction of the nucleopore filter membrane accompanied by fibre breaking causing sharp edges was detected by SEM (Fig. 5a-c) .
ED X -analyses of the glass fibre M M VF 11 indi cated a leaching of Ca, but only by incubation in SLS (Table V II) . Incubation in GS yielded no sig nificant changes of the chemical composition of the fibre looking at, although chrystalline forma tions on fibre surface were observed by SEM (Fig. 6a) . Chrystalline formations were also ob served on fibre surface of glass fibres incubated in SLS, but to a less amount compared with GS (Fig. 6b) .
Discussion
Of utmost importance for fibre toxicity is the geometry of these particles i.e. the ratio between length and diameter. This ratio determines the to pographical localisation in the respiratory tract. Another probably equal important property is the chemical composition and, dependent or indepen- The goal of our investigations therefore was to establish biochemical model systems for the con tinuous measurement of potential toxicity during the process of biodegradation. The main question to be asked was whether a continuous loss of mass is tightly connected with a continuous loss of toxic ity. Only in the case of a positive answer to this question it seems feasible to deduce that high solu bility is also correlated with low toxicity and vice versa.
The process of biodegradation was simulated by incubation of the fibre materials in artificial media mimicking the lining fluid (GS) and the surfactant (SLS) of the lung.
Using a simple biochemical model reaction, sim ulating activated phagocytes, the iron mediated formation of strong oxidants in the presence of crocidolite asbestos fibres and M M VF 21 could be demonstrated. The oxidative capacities of these fi bre types were shown to depent on both specific surface area and iron content. Crocidolite asbestos fibres possess a three times higher iron-content and an eight times higher specific surface area as compared to M M VF 21. These differences were exclusively responsible for the much stronger oxi dative potential of crocidolite asbestos as com pared to M M VF 21 on the basis of same fibre mass concentrations at the onset of incubation. The con tribution of ROS to overall asbestos toxicity and the role of iron as an integral part of the asbestos complex has been well documented by several groups in the past decade (for review see Hardy and Aust, 1995; Kamp and Weitzman, 1997). Ghio and co-workers, (1992) showed, that the in vitro production of hydroxyl radicals by crocidolite as bestos fibres increases with the [Fe3+] complexed to the dust surface. In a later report (Ghio et al., 1994a) the authors pointed out, that structural metal is unlikely to participate in free radical pro duction, but it can catalyse heterogeneous electron transport. Structural oxidation of iron silicates oc curs through an electron hopping mechanism. This can produce an increase of ferric cation in the lat tice by reduction of surface Fe3+. The surface iron can than be reoxidized by atmospheric oxygen (Fubini and Mollo, 1995) . This can faciliate inner sphere electron transfer between structural and adsorbed iron states. These mechanisms of elec tron transfer ultimately depend on the concentra- R C F2 were shown to induce a strong cytotoxical response (Lindgren et al., 1996) . This may be due to cellular damage caused by sharp edges of fibres as shown in Fig. 5 . Interestingly, fibre splitting ac companied by the formation of sharp edges was only observed when fibres were incubated in SLS. The mechanism of fibre splitting remains to be de termined, but this observation emphasises the role of phospholipids in modulating fibre toxicity.
